Background: Children with deprivation amblyopia due to childhood cataract have been excluded from much of the emerging research into amblyopia treatment. An investigation was conducted to determine whether contrast-balanced binocular treatment -a strategy currently being explored for children with anisometropic and strabismic amblyopia -may be effective in children with deprivation amblyopia. Methods: An unmasked, case-series design intended to assess proof of principle was employed. Eighteen children with deprivation amblyopia due to childhood cataracts (early bilateral n = 7, early unilateral n = 7, developmental n = 4), as well as 10 children with anisometropic (n = 8) or mixed anisometropic and strabismic amblyopia (n = 2) were prescribed one hour a day of treatment over a six-week period. Supervised treatment was available. Visual acuity, contrast sensitivity, global motion perception and interocular suppression were measured pre-and post-treatment. Results: Visual acuity improvements occurred in the anisometropic/strabismic group (0.15 AE 0.05 logMAR, p = 0.014), but contrast sensitivity did not change. As a group, children with deprivation amblyopia had a smaller but statistically significant improvement in weaker eye visual acuity (0.09 AE 0.03 logMAR, p = 0.004), as well a significant improvement in weaker eye contrast sensitivity (p = 0.004). Subgroup analysis suggested that the children with early bilateral deprivation had the largest improvements, while children with early unilateral cataract did not improve. Interestingly, binocular contrast sensitivity also improved in children with early bilateral deprivation. Global motion perception improved for both subgroups with early visual deprivation, as well as children with anisometropic or mixed anisometropic/strabismic amblyopia. Interocular suppression improved for all subgroups except children with early unilateral deprivation. Conclusion: These data suggest that supervised contrast-balanced binocular treatment should be further investigated as a treatment option for children with deprivation amblyopia. However, for children with more severe deprivation amblyopia due to early unilateral cataracts, supplementary or alternative options should also be explored.
Amblyopia is typically caused by anisometropia (a difference in refractive error between the eyes), strabismus (a misalignment of the eyes) or a combination of both. 3 Obstruction of one or both eyes during childhood (typically caused by dense childhood cataracts) is rarer 4 and leads to the most severe form of the condition called deprivation amblyopia (for a review see Hamm et al. 5 ).
Amblyopia is treated by providing refractive correction and patching the nonamblyopic (or stronger eye in cases of bilateral amblyopia) to encourage use of the amblyopic eye. This method has a strong evidence base for improving visual acuity in children with anisometropic and strabismic amblyopia. [6] [7] [8] [9] However, patching regimes are difficult to comply with, 10 and residual deficits in visual acuity and/or binocular function are common. 11 These issues have resulted in extensive research into alternative treatment options. These include the use of atropine or Bangerter filters to penalise the non-amblyopic eye, 12-14 monocular perceptual learning [15] [16] [17] [18] [19] and dichoptic treatment approaches using modified movies or videogames. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Patients with deprivation amblyopia have been largely excluded from exploratory treatment studies (although there are exceptions 31 ) as well as clinical trials of traditional and novel amblyopia treatments. 25, 28, 32, 33 In fact, there is a pressing need to establish efficacy for any treatment of deprivation amblyopia, 34 including patching. 35 The drawbacks of patching are exacerbated in deprivation amblyopia by the need to patch earlier and for longer durations, [36] [37] [38] as well as the high rate of co-morbid latent nystagmus.
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Even less is known about treatment for bilateral deprivation amblyopia. Rehabilitation studies are limited to a scattering of rather extreme case studies [40] [41] [42] [43] and an exploration of video game play (Medal of Honor) as a treatment for adults who experienced very short and early bilateral deprivation. 44 If bilateral deprivation results in sustained unequal acuity between the eyes, patching or penalisation of the stronger eye is often prescribed, but evidence to support patching for bilateral amblyopia is scant. 45 We conducted an initial case-series study to assess whether the binocular treatment described by To et al. 21 might lead to improvements in visual acuity and contrast sensitivity in children with deprivation amblyopia. This approach involves presenting higher-contrast images to the amblyopic eye than the fellow eye to overcome interocular suppression and enable binocular combination. The treatment is presented as a game within which players rotate and laterally position blocks falling from the top of the screen to fit into gaps left by previously placed blocks at the bottom of the screen. Falling blocks are displayed to the weaker eye at full contrast, while placed blocks are displayed to the stronger eye at reduced contrast. Importantly, participants need to use their eyes together to successfully play. Binocular treatment using psychophysical or video game stimuli has demonstrated promising results in adults 27, 46, 47 and children 22, 24, 26 with anisometropic and strabismic amblyopia. One recent clinical trial comparing contrast-balanced binocular treatment to patching was inconclusive; however, compliance was poor. 28 Another trial using a game designed to promote compliance found greater visual acuity improvements following contrast-balanced binocular treatment than patching. 25 In the present study, compliance was encouraged by providing in-person support when necessary. We assessed changes in visual function with monocular and binocular acuity, contrast sensitivity and global motion perception, as well as interocular contrast interference thresholds, which provide an index of interocular suppression.
48-52

METHODS
Study design
An unmasked prospective case series design was employed with the intention of assessing proof of principle. Of interest were visual outcomes for compliant children. Compliance was defined as completion of ≥ 5 treatment hours, 22, 24 although considerably more treatment was prescribed (one hour a day for six weeks or 42 hours, with weekly or fortnightly assessment). The study was conducted in two sites: Auckland, New Zealand and Guangzhou, China. In New Zealand, home-or school-based training was offered with supervision (by LMH) at the discretion of the caregiver of each child. In China, treatment was conducted in a clinical environment and supervised by LMH and ZC. To assess whether the treatment protocol generated effects that were comparable to previous reports, 22, [24] [25] [26] a reference group of children with anisometropic or mixed anisometropic and strabismic amblyopia was included.
Participants
Participants in this treatment study were part of a larger group of patients with amblyopia who completed an earlier study investigating interocular suppression in deprivation amblyopia. 50 All eligible patients in the interocular suppression study were invited to take part in this treatment study. Inclusion criteria and psychophysical methodology were identical between studies, each described briefly here with additional details provided in Hamm et al. 50 Eighteen children with deprivation amblyopia due to childhood cataract (early bilateral deprivation [EBD] n = 7, early unilateral deprivation [EUD] n = 7, developmental unilateral deprivation [DUD] n = 4), as well as 10 children with anisometropic or mixed anisometropic and strabismic amblyopia (A/S, n = 10) participated in this study (Table 1) . Ethics committees at each site approved the study protocols, and all procedures followed the tenets of the Declaration of Helsinki. Written informed consent was obtained from parents after full explanation of the study, and assent obtained from children when appropriate.
Unilateral amblyopia was defined as an interocular acuity difference of at least 0.2 logMAR with no ocular pathology, as well as a history of anisometropia, strabismus and /or cataract impacting one eye. Bilateral amblyopia was defined as 0.1 logMAR acuity or worse in each eye, absent stereo acuity and a history of bilateral cataract. For bilateral cases, interocular acuity difference was not restricted in our inclusion criteria.
Children were not excluded based on the presence of a developmental disorder, strabismus or nystagmus and there was no limit on how poor visual acuity could be in the affected eye(s). Cases in which children had co-morbid ocular disorders were included as long as amblyopia was confirmed as the primary cause of visual impairment by an experienced ophthalmologist.
Children with deprivation amblyopia whose cataract(s) were detected before one year of age were classed as having 'early deprivation'. Otherwise, children were classed as having 'developmental deprivation'. In two participants classified as having early deprivation (EBD3 and EUD7), symptoms consistent with cataracts (strabismus and reduced vision) were noted by the parent within the first year; however, the cataract was not diagnosed until after the first year.
All 18 children in the deprivation amblyopia group had undergone lens removal surgery. Seventeen were pseudophakic at the time of enrolment into the study and one (EBD6) was aphakic, corrected with spectacles. Prior to amblyopia treatment, participants were fully corrected for at least 16 weeks 53 with the exception of two participants with DUD (DUD1 and DUD2). DUD1 had cataract removal and intraocular lens replacement surgery within this time, and DUD2 started using updated glasses within this time.
Test-retest data were collected from four children with normal vision, as well as baseline data for all psychophysical measures from 10 visually normal participants (aged six to 12, previously published 50 ).
Clinical measures
Distance acuity was measured with electronic testing equipment in Auckland (the EVA system 54 or Medmont AT20 R), and a logMAR tumbling E chart in Guangzhou (Table 1) . Each acuity test measured crowded visual acuity in logMAR units scored letter by letter. Two children in the early unilateral cataract group had very poor vision in the amblyopic eye, clinically defined as the ability to 'count fingers'. These children were assigned a logMAR acuity of 2.00. 55 Stereoacuity was measured with the Randot or Randot Preschool stereo test according to the manufacturer's instructions, as noted in Table 2 . Within each subject, the same tests were always used. Suppression was measured with the Worth 4 Dot test at one metre and scored as fusion, dominance, diplopia or suppression. Eye alignment was quantified with an alternating prism cover test at near.
Among clinical assessments, only the baseline and final (six weeks) assessments were analysed. One exception was participant EUD7, who did not attend his final assessment. In this case, data from his last clinical assessment (four weeks) was used for analysis.
Psychophysics
Psychophysical testing of contrast sensitivity, global motion coherence and contrast interference thresholds was performed as recently described. 50 Briefly, pre-and posttreatment psychophysical assessments were conducted in a dim room, in one or two consecutive sessions. Automated feedback was provided, as well as ongoing praise for continued attention to the task. Although most participants enjoyed the tasks, some were not motivated/available to complete all tasks; such cases are highlighted with 'dnt' (did not test) in Tables 2 and 3 .
CONTRAST SENSITIVITY
Stimuli were generated by a MacBook Pro running Psykinematix v1.4.2 software (KyberVision, Toronto, Canada) displayed on a 120 Hz LCD screen (Samsung 2233R2) from a distance of one metre. Stimuli consisted of luminance defined, Gaussian enveloped, sinusoidal gratings of one, two, four, eight and 16 cycles per degree (cpd), displayed for 0.5 seconds. Participants were asked to indicate the orientation (horizontal or vertical). Adaptive staircases (two down, one up) were used to estimate thresholds. Log contrast sensitivities were fitted with a quadratic function. If the root could not be derived, the data were excluded from analysis (n = 2, denoted with 'exc' in Tables 2 and 3 ). The derivative of the fit, or area under the log contrast sensitivity function ( AUL CSF), was calculated from one cpd to the extrapolated root and used for statistical analysis.
Motion perception and contrast interference thresholds
Stimuli were generated with a Dell Optiplex 9010 desktop equipped with an NVI-DIA Quadro 600 graphics card, running Matlab (Mathworks, Natick, Massachusetts, USA) and Psychophysics Toolbox Version 3. Stimuli were presented on an ASUS VG278 monitor with an NVIDIA 3D ready 120 Hz LCD display from a distance of 50 cm. Dichoptic presentation was achieved using NVIDIA 3D shutter glasses.
A two-phase contrast balancing method was used, as described in detail in previous work. [48] [49] [50] [56] [57] [58] Phase one determined the motion coherence threshold (MCT) of the child, or the percentage of coherently moving dots required for accurate report of overall direction, established with a staircase procedure both monocularly (weaker eye only) and binocularly. In phase two, the threshold level of signal dots (based on the monocular MCT when available) was displayed to the weaker eye only, at full contrast, and the remaining noise dots were displayed only to the stronger eye. The contrast of the noise dots was adjusted with a staircase procedure until the noise dots in the stronger eye interfered with the perception of signal dots, which was referred to as the contrast interference threshold (CIT).
The mean dot diameter was 0.7 degrees, randomised by 20 per cent across a flat distribution to control for aniseikonia, 56 and vertical directions were used rather than horizontal to minimise the impact of nystagmus. 59, 60 CIT data were excluded (denoted with 'exc' in Tables 2 and 3 ) if (i) the child required 100 per cent coherence on the monocular motion coherence task (n = 2), or (ii) the child could replicate a non-zero score under monocular conditions (n = 2, assessed in a subset of participants to rule out dichoptic cross talk and fortuitous staircase advancement).
DICHOPTIC TREATMENT
Participants were required to rotate and laterally position blocks falling from the top of the screen to fit into gaps left by previously placed blocks at the bottom of the screen. Falling blocks were displayed to the amblyopic eye at full contrast, and placed blocks were displayed to the fellow eye at reduced contrast. Some blocks and a boarder were displayed to both eyes to aid fusion. Participants aligned a dichoptic nonius cross on the device screen at the start of each treatment session and the alignment data were used to reposition the game blocks on the screen to align the images seen by each eye. However, some children with strabismus or a large phoria found it difficult to align the dichoptic images, and needed practice to successfully play the game. Fellow eye contrast was initially set to the contrast interference threshold measured at baseline (shown for each participant in Table 2 ).
As the child played the game successfully (at least 15 minutes in duration and 1,000 points acquired) contrast to the fellow eye was increased for the next treatment session to further challenge binocular combination. It was not possible to establish baseline contrast for a subset of children who were either unable to combine information between their eyes (EUD1, EUD2 and EUD7) or had severely impaired global motion perception in the weaker eye (EBD1 and EBD3) precluding reliable measurement of a contrast interference threshold. In these cases testing commenced with the largest possible contrast offset (five per cent to the stronger eye and 100 per cent to the weaker). Three children were unable to play at this contrast offset (EUD1, EUD2 and EUD7). Reducing the luminance to one eye with a neutral density filter can simulate suppression 61 and promote binocular combination in patients with amblyopia. 62 Neutral density filters were therefore placed in front of the fellow eye for the three children who could not play the game. Filter density was increased until the child was able to see the game elements through both eyes simultaneously, at least intermittently. The combination of the neutral density filter and the large contrast offset allowed all three children to play the game successfully with practice (and a close working distance), suggesting at least intermittent binocular combination.
A screen shot of the game is shown in Figure 1A . Participants in Auckland trained at home or school, either alone Table 3 . Individual results of extended treatment Treatment of deprivation amblyopia Hamm, Chen, Li et al.
or supervised by a researcher or a parent. Participants in Guangzhou played in a supervised, clinic environment. In all cases we took an individualised approach to maintain engagement with the task, including adding additional incentives (for example, fun masks which fit over the glasses, one-on-one supervision, encouragement, games or prizes) when needed.
Children were loaned an iPad if acuity was worse than 0.55 logMAR, or an iPod if better. Due to availability of devices one child (EBD7) was assigned an iPod despite having acuity worse than 0.55 logMAR and another child (DUD4) was assigned an iPad despite having 0.50 logMAR acuity. Both children were able to play the game on their assigned devices. Customised anaglyph glasses were made for each child. Appropriate refractive correction was custom-made if the child did not have a suitable prescription for near viewing which could be worn with the anaglyph glasses.
For children with history of cataract removal who are unable to accommodate, the addition was calculated for a 50 cm working distance, and this was adjusted based on subjective feedback. For younger children, prone to looking around the glasses, padding and head straps were used to minimise the temptation. Further modifications to the look or feel of the glasses were made to maximise compliance and comfort (examples shown in Figures 1B and 1C) . Compliance data were recorded by the iPod and iPad devices and paper diaries as a back-up. In two cases compliance diaries were used rather than log data due to technical issues (EBD2 and AA2).
Nine highly motivated children participated in an additional round of treatment, one of whom completed a third round. All additional rounds of treatment were home-based and were not supervised by a researcher.
ANALYSIS
Only one child played less than five hours (AA8, 1.7 hours), and was therefore considered non-compliant and excluded from further analysis. Among compliant participants, data were first analysed for all children with deprivation amblyopia as a single group. Secondary analyses were then conducted for subgroups, including EBD, EUD and DUD. Data were also analysed for the anisometropic and mixed A/S groups as a reference. Outcome measures were changes in acuity, contrast sensitivity, global motion perception and contrast interference thresholds, which we present as mean AE standard error of the mean (SEM). Baseline and post-treatment measures were compared using paired t-tests. Data from normal controls, and the single non-compliant participant were used to estimate test-retest variability of the outcome measures. Correlation analyses were used to investigate the relationships between different outcome measures.
RESULTS
Capacity to sustain binocular integration
The participants requiring neutral density filters to enable simultaneous perception found the treatment particularly challenging and adopted strategies such as playing with a short viewing distance, and maximising the information available to the stronger eye to assist them. One of these participants played less than 10 hours (EUD7). The other two gradually improved in their ability to play, and had good compliance (EUD1 and EUD2). With the neutral density filters still in place, contrast was set to increase based on successful play one week into treatment (EUD1 increased to 21 per cent, EUD2 increased to 36 per cent and EUD7 increase to 18 per cent). Among the rest of the participants whose games were set to increase with successful play from the beginning, only four did not reach 100 per cent contrast in the fellow eye (EBD3, EBD7, DUD4 and S/A1).
Among compliant participants, average treatment time was 27 (AE 2.0 SEM, n = 27) hours, ranging from eight to 43 hours. The average number of days between baseline and final tests was 29 (AE 2.3), ranging from six days to 45 days. Total hours of play did not differ significantly between groups (DA: 24.9 AE 2.4, A/S: 31.4 AE 3.3, n = 18) or subgroups (EBD: 23.0 AE 3.6, n = 7, EUD: 28.3 AE 3.9, n = 7, DUD: 22.3 AE 9.8, n = 4). Intensity, or hours of play per day, averaged close to one hour per day overall. Hours per day of training were different between test sites (Auckland: 0.66 AE 0.08 compared to Guangzhou: 1.33 AE 0.14, t 25 = 3.4, p = 0.002), due to the in-office training adopted at Guangzhou. For compliant participants, age did not differ between main groups (DA: 8.8 AE 0.6, n = 18, A/S, n = 9: 10.9 AE 0.72), but did between subgroups (EBD: 8.9 AE 0.6, n = 7, EUD: 7.3 AE 0.64, n = 7, DUD: 11.5 AE 1.7, n = 4, F 3 = 5.2, p = 0.007).
Visual outcomes
Results are summarised in Table 2 . Data points not used for statistical comparisons are highlighted in grey (see Methods for details). Figure 1 . Portable anaglyph system for binocular treatment. A: shows a screenshot from the falling blocks game. Red blocks are seen only with the weaker eye, green blocks are seen only with the stronger eye and brown blocks are visible to both. Blocks displayed to the stronger eye (green) are shown at 10 per cent contrast and those to the amblyopic eye (red) at 100 per cent in this example. Three versions of the game were used, easy, medium and hard. These differed in the complexity of the block shapes, and whether or not blocks need to be rotated during game play. Here, 'easy' is displayed, in which the ability to rotate the blocks is disabled, and only symmetric blocks are presented. B: shows an example of red/green glasses, customised with appropriate near refractive correction, and padding and a strap to deter peaking. C: shows examples of custom masks used to promote compliance in younger children. Masks were designed to fit over red/green glasses. 
Treatment of deprivation amblyopia
No participants with deprivation amblyopia had measurable stereoacuity before treatment. None of the participants with early visual deprivation gained stereoacuity after treatment. Three children with developmental unilateral cataract (DUD2, DUD3 and DUD4) acquired measurable stereoacuity over the course of the treatment. An additional two anisometropic participants (AA1 and AA6) showed improvements in stereoacuity. The participant with poor compliance also improved in stereoacuity. None of these changes were statistically significant at the group level.
Acuity
For children with anisometropic or mixed anisometropic and strabismic amblyopia, acuity improved by 0.15 logMAR (AE 0.05). These children went from a mean acuity of 0.57 logMAR AE 0.13 to 0.42 logMAR AE 0.09 (t 8 = 3.1, p = 0.014, n = 9). Participants with deprivation amblyopia had a modest mean visual acuity improvement of close to one line in weaker eye acuity (change of 0.09 logMAR AE 0.03, from 0.94 AE 0.12 to 0.85 AE 0.12, t 16 = 3.4, p = 0.004, n = 17). Within the deprivation amblyopia group, one subgroup had improvements which were closer to the average for children with anisometropic and strabismic amblyopia, this was the group with EBD (change of 0.13 logMAR AE 0.06, from 0.90 AE 0.11 to 0.76 AE 0.07, t 5 = 2.3, p = 0.071 not significant, n = 6). Within the early bilateral deprivation group, the responses were variable. One participant improved four lines (EBD3) while others had only very modest gains. One participant who did not improve had equal acuity in both eyes before and after treatment (EBD7); indeed, he was the only participant who had less than a 0.2 logMAR interocular acuity difference.
Modest (but not significant) improvements in weaker eye acuity were seen in the developmental unilateral cataract group (change of 0.10 logMAR AE 0.05, from 0.56 AE 0.09 to 0.46 AE 0.08, t 3 = 2.2, p = 0.115 not significant, n = 4). No improvement was observed in the EUD group (change of 0.05 logMAR AE 0.03, from 1.20 AE 0.23 to 1.16 AE 0.38, t 6 = 1.5, p = 0.176 not significant, n = 7). The participant with the poorest compliance (AA8) did not improve in weaker eye acuity.
Overall, change in weaker eye acuity was not significantly different between the trial sites (Auckland, home-based treatment with optional supervision 0.08 AE 0.02 and Guangzhou, clinic-based treatment 0.14 AE 0.04, t 24 = 1.33, p = 0.144 not significant). Change in weaker eye acuity was not correlated with hours of play (R 2 = 0.015, p = 0.253 not significant) or treatment intensity (hours of treatment per day R 2 = 0.054, p = 0.253 not significant). There was also no correlation between starting acuity and acuity change (R 2 = 0.009, p = 0.279 not significant).
As expected, stronger eye acuity and binocular acuity remained stable in participants with anisometropic and mixed anisometropic and strabismic amblyopia. However, as a group, children with deprivation amblyopia showed a small, but significant improvement in stronger eye acuity (change of 0.05 log-MAR AE 0.02, from 0.18 AE 0.08 to 0.13 AE 0.08, t 16 = 3.0, p = 0.009, n = 17) and binocular acuity (change in acuity of 0.08 logMAR AE 0.02, from 0.19 AE 0.09 to 0.11 AE 0.08, t 16 = 3.2, p = 0.005, n = 17). These improvements were not significant within any of the deprivation subgroups, although children with early bilateral deprivation on average improved 0.13 logMAR (AE 0.06, from 0.60 AE 0.11 to 0.47 AE 0.08, t 5 = 2.3, p = 0.07 not significant, n = 6) in the binocular viewing condition (Figure 2 ).
Psychophysical outcomes CONTRAST SENSITIVITY
Despite the acuity gains in the weaker eye for children with anisometropic and mixed anisometropic and strabismic amblyopia, these patients did not show a statistically significant improvement in area under the contrast sensitivity function for the weaker eye (change of 0.18 AE 0.11, from 1.67 AE 0.18 to 1.85 AE 0.16, t 7 = −1.6, p = 0.15 not significant, n = 8). Overall, for children with deprivation amblyopia there was a significant improvement in the area under the contrast sensitivity function for the weaker eye (change of 0.19 AE 0.05, from 0.92 AE 0.13 to 1.11 AE 0.16, t 13 = 3.5, p = 0.004, n = 14).
Within the cataract subgroups, the children with early bilateral cataracts showed the largest improvements in the weaker eye contrast sensitivity after binocular treatment (change of 0.35 AE 0.08, from 0.97 AE 0.10 to 1.32 AE 0.15, t 4 = 4.1, p = 0.014, n = 5), an increase in area of 27 per cent. Children with early unilateral cataracts and developmental unilateral cataracts also showed improvements (12 and 11 per cent increase in area, respectively), but these changes were not statistically significant. Note that the proportional change in area is larger than the Figure 2 . Change in acuity. Lighter bars represent children with deprivation amblyopia. Dark bars display results from children with anisometropic and strabismic amblyopia. Error bars show standard error of the mean. A one logMAR line improvement is denoted with a dotted line. Statistically significant changes, based on paired t-tests for each subgroup, are highlighted with asterisks. When deprivation amblyopia subgroups were combined, paired t-tests were significant for each acuity measure. See text and Table 2 for details.
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absolute change (shown in Figure 3 ) because the starting area was so small for this group.
Only children with early bilateral cataracts showed a significant improvement in binocular contrast sensitivity (change of 0.24 AE 0.08, from 1.63 AE 0.11 to 1.88 AE 0.08, t 5 = 3.1, p = 0.028, n = 6), an increase of approximately 13 per cent.
GLOBAL MOTION PERCEPTION
There was a significant improvement for weaker eye global motion coherence in the deprivation amblyopia group as a whole (change of 12.7 per cent AE 2.9, from 53.2 AE 6.7 to 40.5 AE 4.7, t 14 = 4.4, p = 0.001, n = 15). Children who had cataracts within the first year of life had the poorest initial motion coherence, and the largest gains after treatment. Children with early bilateral deprivation could tolerate 21.5 per cent more noise dots than they could before treatment, improving from 75.3 per cent (AE 8.5) to 53.8 per cent (AE 7.4) signal required (t 5 = 6.8, p = 0.001, n = 6). Similarly, children with early unilateral deprivation initially required 47.6 per cent (AE 8.5) coherently moving dots, but after treatment needed only 36.3 per cent (AE 6.2) signal dots, a change of 11.4 per cent (AE 3.0), also significant (t 4 = 3.7, p = 0.021, n = 5). More modest, and statistically non-significant changes were measured in the anisometropic and mixed anisometropic and strabismic group (change of 5.7 per cent AE 3.9, from 22.6 AE 3.3 to 16.9 AE 1.9, t 8 = 1.5, p = 0.18 not significant, n = 9), and the developmental unilateral deprivation amblyopia group (change of 1.1 per cent AE 4.4, from 27.0 AE 2.0 to 25.9 AE 3.7, t 3 = 0.2, p = 0.82 not significant, n = 4).
For the binocular motion coherence task, both the deprivation amblyopia group (change of 17.2 per cent AE 3.8, from 40.7 AE 4.3 to 23.5 AE 2.1, t 16 = 4.5, p < 0.001, n = 17) and the anisometropic and anisometropic and strabismic mixed group (change of 8.9 per cent AE 1.6, from 22.9 AE 2.8 to 14.0 AE 6.2, t 8 = 5.7, p < 0.001, n = 9) showed an improvement in the motion coherence threshold. For the subtypes of deprivation amblyopia, binocular global motion perception improved significantly in the group of children with EBD (change of 29.1 per cent AE 6.0, from 53.7 AE 6.8 to 24.7 AE 3.5, t 6 = 4.8, p = 0.003, n = 7) and for children with EUD (change of 12.0 per cent AE 3.1, from 35.7 AE 5.6 to 23.7 AE 3.4, t 5 = 3.9, p = 0.012, n = 6). The smallest group, made up of four children with DUD on average showed a small, and non-significant improvement of 4.3 per cent.
Notably, the improvement in the binocular viewing condition led to near normal motion coherence (measured on the same task with 10 normal children) for all groups. Although improvements in weaker eye motion coherence were significant for children with early deprivation they did not reach normal levels after treatment (Figure 4 ).
CONTRAST INTERFERENCE THRESHOLDS
Contrast interference thresholds improved significantly in children with anisometropic and strabismic amblyopia (change of 10 per cent AE 3, from 51 AE 7 to 61 AE 7, t 8 = −4.1, p = 0.003, n = 9) and in the deprivation group (change of 19 per cent AE 4, from 23 AE 4 to 42 AE 7, t 13 = −4.6, p = 0.001, n = 14). Among the children with deprivation amblyopia, all subgroups also improved. These improvements reached significance for the EBD group (change of 12 per cent AE 3, from 26 AE 4 to 38 AE 5, t 4 = 4.4, p = 0.012, n = 5) and the developmental deprivation group (change of 31 per cent AE 8, from 35 AE 7 to 66 AE 10, t 3 = 4.0, p = 0.028, n = 4). Although the EUD group had a similar magnitude of improvement (change of 18 per cent AE 9), the change was not significant ( Figure 5 ). Since all groups showed an improvement, we asked whether test-retest might account for these changes. The four normal children who were retested did not show improved contrast interference thresholds (change of 0.8 per cent, from 89 AE 4 to 88 AE 0.01, t 3 = 0.19, p = 0.862 not significant, n = 4); however, the non-compliant participant with amblyopia (AA8) improved from 28 to 39 per cent. The lower panel shows the mean and standard error of the change in area for each subgroup using the individually fitted data. Statistically significant changes, based on paired t-tests for each subgroup, are highlighted with asterisks. When deprivation amblyopia subgroups were combined, paired t-tests are significant for the weaker eye condition, but not for the binocular condition. See text and Table 2 for more details.
The improvement in contrast interference threshold did not correlate with improvements in weaker eye acuity (R 2 = 0.045, p = 0.826 not significant) or improvements in the change in area under the contrast sensitivity function in the weaker eye (R 2 = 0.050, p = 0.707 not significant), or improvement in Worth 4 Dot score (rho = 0.268, p = 0.217 not significant).
Extended treatment
Nine participants completed more than one round of treatment (EBD4, EBD5, EBD6, EUD2, EUD3, DUD2, DUD3, AA4 and AA7). Participant AA7 engaged in three rounds of treatment with a gap of approximately six months between each. The remaining participants continued for a second round immediately after the first. The results are shown in Table 3 .
In general, an additional round of treatment did not additionally improve acuity or contrast sensitivity in the weaker eye. However, some participants did respond to additional treatment. The results were in agreement with the first round of treatment, whereby patients with EBD tended to improve, but those with EUD did not. See Figure 6 for an example of individual data from each subgroup.
Across all participants, weaker eye global motion and dichoptic contrast interference thresholds improved with a similar magnitude over the two rounds of treatment. However, binocular motion coherence thresholds, which were normal for all groups after the first round of treatment, only showed modest improvements after additional treatment. Almost all participants exhibited further improvements in contrast interference threshold with additional treatment. EBD4 and EBD5 also showed an improvement on the Worth 4 Dot test (change from dominance to balance), whereas EUD3 showed a decrement change from diplopic under dichoptic conditions after her first round of treatment, to full suppression after her second round. No other changes were observed in the results of the Worth 4 Dot test, and no further changes in eye alignment of more than 5
Δ .
DISCUSSION
Children with deprivation amblyopia improved in a variety of tasks after treatment. This included modest, but statistically significant gains in acuity, contrast sensitivity, global motion perception and interocular contrast interference. Although the sample size was limited within each subgroup, analyses of these groups provided preliminary insights into which children with deprivation amblyopia were more likely to respond to treatment. Improvements in weaker eye visual acuity were largest for the early bilateral deprivation subgroup. These children had an average improvement of 0.13 logMAR, only slightly poorer than the children with anisometropic/strabismic amblyopia in our study (EBD: 0.13 logMAR, A/S: 0.15 log-MAR). This result is similar to data published by other groups. 22, [24] [25] [26] The EBD group also improved in weaker eye contrast sensitivity, corroborating the acuity measures. Further, extended play produced additional gains in two of three participants on both measures. Together, this suggests binocular treatment is promising for this group. We also observed improvements in binocular acuity and contrast sensitivity after treatment for children with EBD. This was an unexpected finding. If reproducible, perhaps this result was due to the low contrast stimuli provided to the stronger, but still amblyopic eye, which might have provided a similar benefit to monocular contrast detection treatment in unilateral amblyopia. 63 No evidence was found for visual acuity or contrast sensitivity improvement in children with EUD. However, three of the seven children in the EUD subgroup had been patching regularly, for more than four hours a day, right up to the start of the trial. Two of these participants (EUD3 Figure 4 . Change in motion coherence thresholds. Mean change (AE SEM) in the percentage of coherently moving dots required to determine the direction of motion is shown in the top row. The early bilateral and early unilateral deprivation subgroups showed significant improvements in their monocular and binocular motion coherence thresholds after treatment. Additionally, children with anisometropic and mixed anisometropic and strabismic amblyopia showed a significant improvement in binocular motion coherence after treatment. Statistically significant changes, based on paired ttests for each subgroup, are highlighted with asterisks. When deprivation subgroups were combined, paired t-tests were significant for the weaker eye condition and the binocular condition. The lower panels show replotted data illustrating mean coherence thresholds before (black) and after (grey) treatment. Dotted lines represent the mean motion coherence thresholds from 10 control children on the same task for each condition, with 95 per cent CI plotted with solid grey lines. All children performed the binocular condition first, followed by the monocular task. See text and Table 2 for details.
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and EUD6) stopped patching during the study. The acuity in the weaker eye of EUD3 decreased over the course of the treatment period, and the fellow eye improved, while both eyes of EUD6 remained stable. Potential improvements due to binocular treatment may be masked by the cessation of intensive occlusion therapy in these children. Indeed, the two participants from the EUD group who showed an improvement in acuity (EUD4 and EUD7) had not used occlusion therapy in the year leading up to the treatment.
The interaction between the extent of prior treatment and subsequent outcomes for binocular treatment are likely to be complex and include confounding factors such as age, compliance, and recovery of improvements that regressed after conventional treatment was terminated. Possible effects include prior treatment reducing the response to subsequent binocular treatment (as we observed here) and prior treatment providing a foundation for a greater response to subsequent binocular treatment. Large sample sizes will be required to address this issue in future work.
Although no gains were seen in acuity or contrast sensitivity, there were some encouraging observations within the EUD group. One of these participants (EUD1) appeared to acquire the ability to combine information between the two eyes, indicated by a shift from zero to 12 per cent on in the contrast interference task after treatment. The two compliant participants with the poorest vision (EUD1 and EUD2) both were able to sit further away from the treatment game with practice. Additionally, two sets of parents (of participants EUD3 and EUD4) reported the impression of increased eye contact with the weaker eye. This was accompanied by a measurable improvement in strabismus angle for EUD3, but not EUD4. Both sets of parents reported that the impression of improved eye contact regressed after the treatment was stopped. If this anecdotal impression is substantiated, perhaps this is due to a transient improvement in gaze stability, similar to that measured in adults with strabismic amblyopia during contrastbalanced dichoptic viewing. 64 Each of these observations requires further exploration.
A key limitation of this study is the unmasked prospective case series design, prone to bias and intervention effects such as placebo, Hawthorne and Rosenthal effects. Without a control group, it was not possible to definitively identify whether the improvements we observed were real or were due to measurement fluctuations combined with task learning effects. The lack of a dose-response effect in the current study should also be highlighted. In particular, three participants (EBD3, EUD7 and A/S1) improved substantially with very little play. These participants had poor visual acuity at the start of the trial, and poor compliance with medical appointments leading into the Figure 6 . Change in weaker eye acuity and contrast sensitivity after extended treatment. Acuity is presented on the top row, and contrast sensitivity on the bottom. To facilitate comparison between acuity and area under the log contrast sensitivity function, we divided each participant's contrast sensitivity result by the average weaker eye contrast sensitivity for 10 control participants and then plotted the difference of this proportion from one. Therefore, for both plots, a score of zero represents normal vision. The x-axis highlights time points for each participant. Participant AA7 has additional time points with gaps between rounds of treatment indicated on the x-axis. Her first contrast sensitivity function did not converge on the x-axis precluding a calculation of area.
trial. Perhaps these participants had more potential for improvement because of this, or perhaps they exhibited a placebo and/or task learning effect. These were participants for whom we have less confidence in the stability of entrance visual acuity, so their results should be cautiously interpreted. However, the improvements we report for the children with anisometropic and strabismic amblyopia are in agreement with prior treatment studies 22, [24] [25] [26] and the lack of improvement in the EUD group suggest bias and intervention effects were constrained. Overall, the present results indicate that supervised binocular treatment is feasible in children with deprivation amblyopia and support the development of larger, randomised controlled trials.
It is important to consider the clinical significance of the improvements that were observed. For the deprivation group, although the mean improvements in weaker eye visual acuity and contrast sensitivity after binocular treatment were statistically significant, the outcomes remained relatively poor for most participants. Furthermore, improvements in stereoacuity were not seen for any of the children with early visual deprivation. Therefore, it is unclear whether the modest improvements we measured led to any meaningful functional improvements for these children. A potential functional advantage appeared most likely for the children with EBD, with some children showing a small improvement in binocular acuity and contrast sensitivity.
It was difficult for many of the children with early visual deprivation (particularly unilateral) to establish and sustain simultaneous perception in dichoptic viewing conditions, even with the contrast offset. In future work, recruiting older children or adults who are willing and able to explain their perceptions and game play strategies would be insightful. The use of eye tracking under dichoptic conditions would also be valuable to better understand how some children were succeeding on the task, and to better assist those who struggled.
Given these challenges, children with early visual deprivation required extensive supervision and encouragement, particularly at the onset of treatment. Supervision was specifically important to minimise peaking around the anaglyph glasses. Despite padding and head straps, children were expert at finding and utilising gaps to avoid the dichoptic element of the training. This clinical concern has not gone unnoticed, 65 and in future work, ways of monitoring this in addition to hours played will be an important consideration.
Overall, this study further suggests that at least rudimentary binocular systems remain intact for children with early visual deprivation, 50 and adds the novel finding that challenging this binocular system by forcing the eyes to work together can improve both monocular and binocular function. Together, this suggests that binocular treatment is worthwhile to further pursue in a research context for children with deprivation amblyopia due to childhood cataract. However, for those with severe deprivation amblyopia due to early unilateral cataract, alternate or adjunct strategies are likely needed.
